Background: Depression is a chronic and recurrent syndrome of mood disorder causing immense social and economic burden; thus, treatment should be improved. Guanxin Danshen formula (GXDSF), a natural botanical drug composition prescription, has significant cardiovascular protective effects and is widely used in the clinical treatment of myocardial ischaemic diseases. However, it is still unclear and seldom studied whether GXDSF has neuroprotective effects against depressive disorders. This study explored whether GXDSF has antidepressant-like effects in rats exposed to chronic unpredictable mild stress (CUMS) and analysed the possible underlying neurotrophic expression and psychotropic mechanisms.
Introduction
Depression is a chronic and recurrent syndrome of mood disorders that is closely associated with stress exposure and affects 17% to 20% of the population worldwide (1) . According to the World Health Organization, depression will rank as the second leading cause of disability worldwide by 2020, resulting in a major social and economic burden (2) . The main symptoms of depression are fatigue, depressed mood, loss of pleasure, social isolation and loss of energy; depression is also associated with cognitive dysfunction, loss of appetite, fatigue, sleep disorders and other endocrine or metabolic alterations (3) . Current drugs used clinically, including selective serotonin reuptake inhibitors (SSRIs), tricyclic antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs), noradrenergic reuptake inhibitors (NARIs), serotonin and noradrenaline reuptake inhibitors (SNRIs), exhibit a low curative ratio and various side effects (4) . Thus, there is an urgent need to explore and develop new antidepressants with higher efficacy and fewer side effects.
Current evidence suggests that the occurrence of depression may be related to a reduced secretion of neurotransmitters (5) (6) (7) , such as dopamine (DA), norepinephrine (NE), and serotonin (5-HT), neuronal apoptosis (8) (9) (10) , inflammation (11) (12) (13) (14) , intestinal flora (9) and other factors (6, 9, 15, 16) . It has been proven that antidepressant and anti-anxiety effects may occur by increasing the levels of the brain monoamine neurotransmitters 5-HT (17, 18) and NE in the central nervous system. It is also widely acknowledged that the brain-derived neurotrophic factor (BDNF) and its mediated signalling pathways (its cognate receptor TrkB) may participate in many behavioural and molecular mechanisms of antidepressants via alterations of synaptic plasticity, neuronal circuit formation, and neuronal survival (3, (19) (20) (21) (22) .
Experiments have shown that the saponins of Panax Notoginseng (PNS) and P. ginseng (GTS) promote the release of neurotransmitters 5-HT, NE, and DA, modulate the secretion of Ca 2+ concentrations, and increase nestin and BDNF (8, 10, (23) (24) (25) (26) ; additionally, PNS regulates the calmodulin kinase channel (CaMK) and multiple upstream neural signal transduction pathways. Therefore, PNS and GTS may exert their antidepressant-like effects. The Guanxin Danshen formula (GXDSF), a traditional Chinese herbal composition prescription, has been recorded in the Chinese Pharmacopeia since the 1995 edition (27, 28) . It consists of Salviae miltiorrhizae Radix, Notoginseng Radix (PNS) and Dalbergiae odoriferae Lignum, meaning that the GXDSF active ingredients are PNS, tanshinone and volatile oil compounds (27, 29, 30) . Hence, based on the fact that GXDSF contains PNS, it can be speculated that GXDSF may possess neuroprotective effects against depression.
Previous research reports have indicated that GXDSF had significant cardiovascular protective effects and has been widely used in the clinical treatment of myocardial ischaemic diseases (27) (28) (29) (30) (31) , including inhibition of the differentiation of myocardial fibroblasts and myocardial ischaemia reperfusion injury (MIRI), downregulation of myocardial infarct size, maintenance of myocardium structure, and improvement of cardiac function in rats with MIRI. However, there were no related reports on whether GXDSF had neuroprotective effects against depressive disorders.
Based on the effects of PNS, it was hypothesized that GXDSF could ameliorate depression-like behaviours induced by CUMS. The present study was designed to investigate the antidepressant effects of GXDSF treatment in the CUMS-induced model rats. After induction, the depression-like behaviours were determined via the sucrose preference test, the open field test, the tail suspension test, and the forced swim test. Moreover, we also examined the monoaminergic neurotransmitters, the BDNF expression levels, and the upstream regulation of BDNF to explore its related mechanism in this animal model of depression.
Methods

Animals
Male Sprague Dawley (SD) rats (SPF, weighing 280-300 g) were used in this study, and they were all purchased from Beijing Vital Lihua Experimental Animals Co., Ltd., whose license number was SCXK (Beijing) 2016-0006. The certificate number for the rats is 11400700289611. Rats were housed at an ambient temperature of 20±1 ℃ and a relative humidity of 55%±15% with artificial light for 12 h each day and free access to a standard laboratory chow diet and sterilized drinking water throughout the experiments. All efforts were made to minimize the number of animals used and their suffering. The study was conducted in accordance with the Declaration of Helsinki. The protocol was approved by the Laboratory Animal Ethics Committee of the Institute of Medicinal Plant Development, Peking Union Medical College, and conformed to the Guide for the Care and Use of Laboratory Animals (Permit Number: SYXK 2017-0020).
Groups and drug administration
As previously described in the base studies (27, 29) , the Salviae miltiorrhizae Radix et Rhizoma, the Notoginseng Radix et Rhizoma and the oil extract of Dalbergiae odoriferae Lignum were mixed to form the natural botanical drug composition of GXDSF according to the Chinese Pharmacopoeia 2015. All of the medical raw materials for the GXDSF used in this study were provided by Zhongfa Industrial and Commercial Group, Yerui Pharmaceutical Co., Ltd. (Heilongjiang, China), and the batch number was NO. 20170501. The remaining medicinal materials for the GXDSF were obtained from the sample room of the Institute of Medicinal Plants, Chinese Academy of Medical Sciences (S20170512001). Moreover, the main chemical contents of the representative chemical components used in the GXDSF preparation were determined by HPLC, as shown in Figure S1 .
As shown in Table 1 , the low-dose group received the single-fold recommended clinical dose of GXDSF, the moderate-dose group received double the clinical dose, and the high-dose group received quadruple the clinical dose. The drug composition and animal-treated doses of GXDSF are shown in Table 1 and, based on the animal-treatment doses, the total formula powders were dissolved in normal saline with a 0.5% carboxymethylcellulose solution. Then, they were intragastrically administered daily in a constant volume.
Rats were divided into 6 groups (15 for each group), namely, the control group, the CUMS-induced model group, the low-dose group, the moderate-dose group, the high-dose group ( Table 1) , and the positive drug group at a dose of 2 mg·kg −1 fluoxetine, according to the random number table. The study drugs were administered intragastrically for all animals in the drug-treated groups, and the animals in the control and model groups were given an equal volume of saline water. Continuous gastric administration (once per day) lasted for 30 days. During the behavioural tests, the drug administration continued, as shown in Figure 1 .
CUMS-induced rat model
To explore the effects of GXDSF on depression-like behaviours in animals, the CUMS-induced rat model was used in this study. As shown in Figure 1 , after habituation for 10 days, the sucrose preference test (SPT) was carried out. Rats were divided into six groups according to the baseline sucrose preference data on the 13th day. Then, the CUMS procedure was performed as previously described with minor modifications (19, 32) . Briefly, the control group was free of any of the chronic unpredictable mild stresses conducted by this experimental, whereas each rat in the CUMS-induced groups was single housed and subjected to one of the following stressors per day in a randomized fashion: (I) food and water deprivation for 12 hr, (II) light/dark perversion for 24 hr, (III) switching cages for 3 hr, (IV) soiled cage (200 mL water in 100 g sawdust bedding) for 12 hr, (V) predator sounds for 30 min (cat), (VI) paired housing for 24 hr, (VII) cold swimming (4 ℃, 5 min), (VIII) swimming in hot water (40 ℃, 5 min), (IX) tail pinch (2 cm from the beginning of the tail) for 4 min, (X) restraint stress for 4 hr, and (XI) soiled cage and foot shock (10 min). Rats were subjected to different stressors daily for 30 days in a chronic and unpredictable way.
Behavioural tests in the CUMS model
The experimental design procedure is shown in Figure 1 . After habituation for 10 days, the sucrose preference test was carried out. The rats were then divided into six groups according to the baseline sucrose preference on the 13 th day. Following the CUMS induction period, all test groups were exposed to chronic stress for 30 days. Intragastric GXDSF was administered daily during the 30-day CUMS session and the behavioural test periods. On Day 44, behavioural tests were conducted as follows: SPT, OFT, TST, and FST. Animals were sacrificed after the behavioural tests; blood and brain tissues were taken for analysis.
Weight and Sucrose preference test
During the CUMS induction period, all rats in each group were weighed once per 7 days. In addition, on the 44-46th days, the SPT was performed before and after CUMS induction as previously reported with slight modification (3, 20, 32) . First, rats were housed in individual cages and each rat was adapted to a 1% sucrose solution (w/v): 24 h exposure to two bottles of sucrose solution and an additional 24 h exposure to one bottle of 1% sucrose solution on the right side of each cage and one bottle of water on the left side. Then, all the rats were deprived of water and food for 12 hr, and the sucrose preference test was conducted for 1 h. During this period, rats were given free access to two bottles, one containing 200 millilitres of 1% sucrose solution (right side) and the other 200 millilitres of water (left side). The position of the bottles was switched at the mid-point of testing to avoid possible side-preference effects. The sucrose preference was measured as a percentage of the consumed sucrose solution relative to the total amount of liquid intake. (IV) 44-46th days, sucrose preference test (SPT); (V) 46-49th days, open field test (OFT); (VI) 49-52nd days, tail suspension test (TST); (VII) 52-55th days, forced swim test (FST). On the 52-55th day, the animals were sacrificed after the behaviour tests, and blood and brain tissue were taken for analysis. The open field box was divided into 25 equal squares and included three zones: outer squares, inner squares, and a centre grid. After each rat (all groups) was placed into the centre grid of the open field box, the square distance and the number of times the rat travelled through the squares in 5 min were recorded by the software tracking and analysis system (Shanghai Xinsoft Information Technology Co., Ltd, Shanghai, China). After that, the maze was wiped and cleaned with 75% alcohol to avoid affecting the test of the latter rats.
Tail suspension test
After 30 minutes of the last intragastric administration, the tail suspension test (TST) was performed to measure the immobility time of the rats on the 49-52nd days (3, 32) . To allow adaptation to the environment, all animals were taken to the test room 60 min before the test. The test time was from 8:30 to 16:30, and the room was dim and quiet during the experiment. Briefly, rats were individually suspended upside down by the tail, 50 cm above the floor, using adhesive tape (approximately 1 cm from the tail tip). Each rat was suspended for 6 min, and the procedure consisted of two sessions: an initial 2-min habituation followed by a 4-min recording session; during the last 4 min, the immobility time was measured by the software tracking and analysis system (Shanghai Xinsoft Information Technology Co., Ltd, Shanghai, China). Rats were considered immobile only when they remained completely motionless. After each rat was tested, the maze was wiped and cleaned with 75% alcohol to avoid affecting the test of the latter rats.
Forced swimming test
After 30 min of the last intragastric administration, to measure the immobility time of the animals on the 52-55th day, the forced swimming test (FST) was undertaken as described previously with a modification (3, 32) . To allow adaptation to the environment, all rats were taken to the test room for an initial 6 min pre-test followed 24 h later by a 6 min FST. The test time was from 8:30 to 16:30, and the room was dim and quiet during the experiment. Briefly, rats in all groups were placed in individual cylinders (60 cm in height and 40 cm in diameter) containing water (depth 40 cm; 20±2 ℃). The procedure included an initial 2-min swimming session without measurements and the latter 4-min duration of swimming. The total time of immobility in the latter 4-min duration of swimming was recorded by the software tracking and analysis system (Shanghai Xinsoft Information Technology Co., Ltd, Shanghai, China).
Measurement of neurotransmitter levels
After the behavioural tests, the rats were gradually anaesthetized with Zoletil 50 (20 mg/kg) via intraperitoneal injection (Virbac S. A, Carros, France); then, animals were sacrificed and decapitated (33, 34) . The hippocampus was rapidly removed and carefully dissected on an ice plate. The tissues were immediately collected into labelled sterile tubes, frozen in liquid nitrogen and then stored at −80 ℃ until the assays were performed. Then, the hippocampus samples were weighed and homogenized by sonication in a specified amount of normal saline (100 microliters/ 10 milligrams). The homogenate was kept at 4 ℃ for 30 min and then centrifuged at 12,000 rpm for 3 min at 4 ℃. The supernatant was collected, obtained and stored at −20 ℃ and then used to measure the neurotransmitters and Ca 2+ levels in the hippocampus of all the groups by using assay kits. The protein concentration of the collected supernatants was determined via the BCA protein assay kit (CWBIO, Beijing, China). The neurotransmitter concentrations of DA, NE, and 5-HT in the hippocampus were analysed using commercial ELISA kits (Beijing Liweiping Biological Technology Co., Ltd., Beijing, China). All experimental steps were performed according to the kit operation specifications. OD values were measured by a microplate reader.
Assessment of MAO and Ca 2+ levels
The collected supernatant above was further used to measure the monoaminoxidase (MAO) and Ca 2+ levels in the hippocampus of all groups (33, 34) . The MAO and Ca 2+ concentrations in the hippocampus were analysed using ELISA kits (Beijing Liweiping Biological Technology Co., Ltd., Beijing, China).
Moreover, rat blood samples were collected and centrifuged at 3,000 rpm·min −1 for 20 min, and the blood sera were obtained and stored at −80 ℃ for further measurement. Then, an ELISA kit was used to assess the serum Ca 2+ concentrations according to the kit operation instructions (Beijing Liweiping Biological Technology Co., Ltd., Beijing, China). The OD values were measured by a microplate reader (Spectrauor, TECAN, Sunrise, Austria).
Histopathological examination
Haematoxylin-eosin staining (H&E) and Nissl's staining were used to reveal the histopathological features and injures of the cerebral cortex and hippocampus neurons, mainly containing the hippocampus CA1, CA2, CA3, and CA4 regions, in CUMS-induced models (33) (34) (35) ,. Following the behavioural tests, the animals were anaesthetized with Zoletil 50 and immediately sacrificed. Then, the remaining four rats of each group were perfused through the heart with cold phosphate-buffered saline (PBS, 4 ℃), followed by cold 4%-paraformaldehyde (4 ℃). Finally, the whole brain of each rat was carefully removed and placed in brain buffer containing 4% formaldehyde fixative for H&E staining, toluidine blue (Nissl's) staining, immunohistochemical staining analysis and immunofluorescence assays.
The samples from each whole brain were embedded in paraffin and dissected into 5-µm slices sections; 5-µm thick coronal sections were generated and mounted on slides. The sections were stained using H&E and toluidine blue according to the described standard protocol (36) . The staining images were acquired using a light microscope (Leica, Wetzlar, Germany).
Immunofluorescence of BDNF
To explore the effects of GXDSF on BDNF expression in CUMS-induced rats, immunofluorescence staining was performed as previously described (35, 37, 38) . Briefly, after the micro slides were deparaffinised, dewatered, and restored with a citrate-EDTA antigen retrieval solution (P0086, Beyotime, Shanghai, China) for 20 min at 95 ℃, they were cooled down and washed with PBS three time (10 min per time), and the nonspecific binding sites on the sections were blocked with 5% goat serum albumin at room temperature for 60 min and incubated overnight with the anti-BDNF antibody (ab108319, 1:500 in dilution) at 4 ℃. Subsequently, they were incubated with a TRITC-conjugated goat anti-rabbit IgG (Hb + L) at a 1:100 dilution (CW0160, CWBIO, Beijing, China) for 2 h at room temperature, and then counterstained by DAPI (5 µg/mL) for 10 min. Images were immediately observed using fluorescence microscopy (Leica, Germany Q9) with a 400 X magnification. The fluorescence intensity was evaluated by ImageJ software (Media Cybernetics, USA).
Immunohistochemistry of NGF
Immunohistochemical staining was used to confirm the effects of GXDSF on NGF expression. The remaining procedure was performed as described previously with slight modification (33, 35, 39) . Briefly, after the micro slides were deparaffinised, dehydrated, and restored with a citrate-EDTA antigen retrieval solution (P0086, Beyotime, Shanghai, China) for 20 min, they were washed, and the nonspecific binding sites on sections were blocked with 5% goat serum albumin at room temperature for 60 min; the slides were then incubated overnight with the anti-NGF antibody (ab6199, 1:500 in dilution) at 4 ℃. Finally, the slides were incubated in DAB solution for 15 min at 37 ℃, counterstained by haematoxylin and mounted with a water-based mounting medium. The brain tissue images were acquired using a light microscope (Leica, Wetzlar, Germany) with 200× and 400× and were randomly selected for image analysis via ImageJ software (Media Cybernetics, USA).
Western blot analysis
Western blotting was performed as previously reported (40, 41) . Based on the manufacturer's instructions, the hippocampal tissues were weighed and homogenized using a tissue protein extraction kit (CWBIO, Shanghai, China) supplemented with 1% proteases and a phosphatase inhibitor cocktail (CWBIO, Shanghai, China). After the homogenates were centrifuged at 12,000× g for 15 min at 4 ℃, the supernatant samples (including total protein, nuclear and cytolymph proteins) were collected. Then, the protein concentration in the supernatant was determined by a BCA assay (CWBIO, Shanghai, China). Finally, the protein samples (3.5 mg/mL) were diluted with 5 × SDS loading buffer (CWBIO, Shanghai, China), denatured in boiling water for 5 min, and then stored at −80 ℃ until use.
Protein samples were loaded onto the SDS-PAGE gel (10-15%), separated electrophoretically, and transferred onto PVDF membranes (Millipore, Bedford, MA, USA). After blocking the nonspecific binding sites for 2 h in 5% non-fat milk and Tris-buffered saline (TBS)/Tween 20 at room temperature, the membranes were individually incubated overnight at 4 ℃ with the following primary antibodies: BDNF (ab108319, 1:3,000, Abcam), NGF (ab6199, 1:2,000, Abcam), CaMKII (1:500, Santa Cruz, US), p-CaMKII (ab32678, 1:5,000, Abcam), p-CaMKII α (ab5683, 1:5,000, Abcam), p-CaMKIIβ (ab124880, 5000, Abcam), CREB (ab32515, 1:3000, Abcam), p-CREB (ab32096, 1:3,000, Abcam), Syntaxin (ab188583, 1:5,000, Abcam) and β-actin (1:1,000). Then, the membrane was incubated at room temperature for 2 h with horseradish peroxidase conjugated antibodies at a 1:2,000 dilution. Protein expression was detected by an enhanced chemiluminescence method and imaged by using ChemiDoc XRS (Bio-Rad, Hercules, CA, USA). To eliminate variations in protein expression, three independent experiments were performed, and the data were adjusted to correspond to internal reference expression (β-actin).
Data and statistical analyses
Data are presented as the mean values ± standard error of the mean (SEM). All analyses were performed using GraphPad Prism 7.0 statistical software (GraphPad Software, Inc., La Jolla, San Diego, CA, USA). Two-way analysis of variance (ANOVA) was used with drug (GXDSF at L, M and H doses vs. Vehicle) and treatment (CUMS vs. Control) as independent factors. Group differences after significant ANOVAs were measured by post hoc Bonferroni test, and P<0.05 was considered statistically significant.
Results
Effects of GXDSF on body weight
First, during the 30-day CUMS induction, compared with the control group, the CUMS model rats had decreased body weight and showed significant inhibition from 492.8±20.7 to 460.7±39.1 g on the 21st day ( Figure 2 , P<0.05) and from 514.0±31.7 to 481.0±36.3 g on the 28 th day (Figure 2 , P<0.05). Conversely, treatment with GXDSF (L, M, and H) improved body weight compared with the CUMS model but showed no significant difference from the control group. In addition, 2 mg·kg −1 of fluoxetine treatment had a similar effect against depressant-like behaviours.
Effects of GXDSF on the SPT
As shown in Figure 3 , the results of the sucrose preference test (SPT) were summarized to further investigate the antidepressant effects of GXDSF. Before the CUMS procedure, the baseline data from the sucrose preference presented no significant differences among the groups. After exposure to CUMS for 30 days, the sucrose preference was significantly reduced by CUMS induction, and the sucrose preference on the 28 th day showed a significant difference with that on the day 0 in the model group (Figure 3 , P<0.01) and the low-dose group (Figure 3 , P<0.05). Compared to the control group, the sucrose preference obviously decreased from 79.19%±7.42% to 59.89%±7.67% in the CUMS model group (Figure 3 , P<0.001); however, compared with the model group, treatment with low, moderate, and highdose GXDSF remarkably promoted the sucrose preference (Figure 3 Model, 59.89%±7.67%; L, 65.65%±8.34%; M, 71.61%±8.09%; H, 74.07%±8.82%) in a dose-dependent manner (Figure 3 P<0.01 and P<0.001, respectively). In addition, 2 mg·kg −1 of fluoxetine treatment had similar effects of greatly raising the sucrose preference (Figure 3 , P<0.05). All of these studies demonstrated that GXDSF assessed an antidepressant-like effect.
Effects of GXDSF on the OFT
Following the SPT, the open-field test (OFT) was conducted, and the main results were analysed, including the total distance covered (cm), the number of upright stands (times), the residence time in the central grid (s) and the central zone residence time (s). The total distance covered in OFTs is known to reflect the locomotor activity ability of animals. The residence time in the central zone and the number of upright stands reflect the depressivelike state of animals; a longer time spent in the central zones reflects a more depressive-like state. The central grid residence time in OFTs can reflect a decreased curiosity of the rat in the novel environment; a shorter time in the central grid can indicate greater curiosity (3, 42, 43) . Figure 4 shows that in CUMS-induced rats, there 
Effects of GXDSF on TST
The immobility time in the TST was measured to further confirm the antidepressant-like effects of GXDSF. As shown in Figure 5 
Effects of GXDSF on the FST
Similar to that of the tail suspension test above, GXDSF also showed remarkably antidepressant-like effects in the CUMS-induced rat model by increasing the immobility time in the FST. Compared with the controls, CUMS-exposed rats manifested a significantly higher immobility, from 83.31±15.78 to 119.7±35.04 s, in the FST (Figure 6 , P<0.001). In contrast, the low, moderate, and high doses of GXDSF treatment dose-dependently decreased the immobility time ( Figure 6 , L, 111.4±32.85 s, P>0.05; M, 
Effects of GXDSF on neurotransmitters and MAO
It is known that depression is associated with the disturbance of brain neurotransmitters (3, 32) . Hence, the neurotransmitter levels of DA, NE, and 5-HT in the hippocampus were analysed using commercial ELISA kits. After CUMS induction, the relative levels of NE, 5-HT, and DA in the hippocampus of CUMS-induced rats were obviously decreased compared with the control group ( Figure 7A , P<0.01; Figure 7B , P<0.001; Figure  7C , P<0.001). Luckily, the low, moderate, and high doses of GXDSF treatment dose-dependently inhibited the decrease in neurotransmitters to some extent, meaning that, compared with the model group, different doses of GXDSF ameliorated the depressant-like behaviours caused by CUMS. Compared with the CUMS model group, the relative levels of DA, NE, and 5-HT were significantly increased in the high dose group (Figure 7A , P<0.05; Figure  7B , P<0.05; Figure 7C , P<0.05). The moderate dose-treated groups displayed significant increases in the 5-HT and DA concentrations ( Figure 7B , P<0.05; Figure 7C , P<0.05, respectively). However, the differences were not significant in the low dose-treated groups. Furthermore, the MAO activities in the hippocampus distinctly increased in the CUMS-induced rats ( Figure  7D, P<0.001) . Interestingly, the moderate and high doses of GXDSF may obviously restrain and downregulate the Figure 7D , respectively, P<0.01; P<0.01), which could improve the neurotransmitter levels between synapses. Fluoxetine treatment evidently upregulated the relative levels of neurotransmitters and inhibited the MAO activities in CUMS-induced rats.
Effects of GXDSF on Ca 2+ concentration
Evidence has also demonstrated the involvement of Ca 2+ release in the pathophysiology of mood disorders (44, 45) . Hence, the Ca 2+ levels in the hippocampus and serum were analysed using commercial ELISA kits. After CUMS induction, the concentration of Ca 2+ in the hippocampus of CUMS-induced rats increased notably, from 0.37±0.12 to 0.74±0.33 mmol/L, compared with the control group (Figure 8, P<0 .001). In contrast, different doses of GXDSF treatment dose-dependently decreased Ca 2+ concentrations ( Figure 8B) . L, 0.36±0.15 mmol/L, P<0.01; M, 0.28±0.06 mmol/L, P<0.001; H, 0.26±0.13 mmol/L, P<0.0001), meaning that GXDSF may ameliorate Ca 2+ overload and Ca 2+ /calmodulin complex production in hippocampal nerve cells, which may be one of the potential mechanisms of antidepressant-like behaviours. Moreover, fluoxetine treatment also evidently reduced the relative Ca 2+ levels in CUMS-induced rats. The serum Ca 2+ levels in each group showed no obvious difference ( Figure 8A) .
Effects of GXDSF on histopathological features
H&E staining (Figures 9 and 10) showed that round and weakly stained nuclei of neurons were predominantly seen, and Nissl's staining showed that most neurons in exhibited weak staining; this finding indicated that neurons were diffusely deteriorated and that many Nissl bodies were lost in these neurons (33, 34) . As shown in Figure 9A and Figure  10A , the nerve cells of the control group presented a normal structural form: the cell outline was clear, the structure was compact, and the nucleolus was clearly visible. However, the morphological changes in the of neurons of the CUMSinduced rats were obvious in the cortex and the CA1, CA2, CA3 and CA4 regions of hippocampus compared to the control group (Figures 9 and 10) ; the gap around some neurons in the model groups was enlarged, the nerve cells were sparse, the neurons were swollen or shrunken, the nucleolus disappeared, the nuclear membrane was dissolved, and the nucleus was solid (marked with an arrow). Compared with the model group, the nerve cell changes were alleviated by GXDSF administration; only a few nerve cells were degenerated and irregularly scattered, and GXDSF reversed the observed phenomenon of diffusely deteriorated neurons and the loss of many Nissl bodies. Compared with the control group, after CUMS induction, the nervous density (H&E stained nuclei of neurons) in the hippocampus slides of the model groups showed significantly decreased in the CA1 region (from 262.63±52.83 to 126.95±29.49, P<0.0001, Figure 9C ), CA2 region (from 416.24±69.17 to 174.02±35.39, P<0.0001, Figure 9D ), CA3 region (from 300.41±72.45 to 172.67±17.74, P<0.001, Figure 9E ), and CA4 region (from 281.96±59.98 to 175.75±56.92, P<0.05, Figure 9F ). However, Figure 9C ),CA2 region (from 174.02±35.39 to 281.357, P<0.0001, Figure 9D ), CA3 region (from 172.67±17.74 to 331.38±74.82, P<0.0001, Figure 9E ), and CA4 region (from 175.75±56.92 to 413.88±84.69, P<0.0001, Figure 9F ). In addition, the lowdose group exhibited a similar improvement in nervous density in the hippocampus regions, but these differences were not significant. The nervous density in the cortex showed no obvious change. Moreover, fluoxetine treatment also evidently inhibited the change in nervous density.
Nissl's staining revealed a change in Nissl bodies (neuron density). After CUMS induction, most neurons exhibited weak staining, which indicated that neurons were diffusely deteriorated, and many Nissl bodies and neurons were lost in the hippocampus neurons ( Figure 10A and C, CA1, P<0.001; Figure 10D , CA2, P<0.01; Figure 10E , CA3, P<0.001; Figure 10F , CA4, P<0.01; Figure 10G , cortex, P<0.0001). In contrast, the GXDSF-treated group exhibited strong staining and possessed neurons arranged regularly in the hippocampus. The high-dose group presented a significant increase in Nissl bodies and neuron density ( Figure 10C , CA1, P<0.001; Figure 10D , CA2, P<0.01; Figure 10E , CA3, P<0.001; Figure 10F , CA4, P<0.001; Figure 10G , cortex, P<0.0001). In addition, the low-and moderate-dose groups exhibited similar improvements in nervous density in the hippocampus regions, with significant differences (Figure 10) .
Effects of GXDSF on BDNF and NGF
The immunofluorescence assay showed that after a 30day exposure to CUMS, the BDNF expression within the CA1 (Figure 11 ) and CA2 ( Figure 12 ) regions was obviously decreased, but BDNF expression was improved by the low, moderate, and high doses of GXDSF administration in a dose-dependent manner (Figures 11 and 12) . As shown in Figure 13A and B, the relative fluorescence intensities of BDNF expression in the CA1 and CA2 regions in the model group were significantly decreased ( Figure 13A , CA1, P<0.01; Figure 13B , CA2, P<0.01). Conversely, GXDSF dosedependently and strikingly enhanced the relative fluorescence intensity of BDNF expression ( Figure 13A , CA1, P<0.01; Figure 13B , CA2, P<0.01) compared with the model group.
In addition, 2 mg·kg −1 of fluoxetine treatment had similar effects, greatly increasing the relative fluorescence intensity of BDNF expression (Figure 13, P<0.01) . All of these studies demonstrated that GXDSF assessed neuroprotective and antidepressant-like effects via upregulating the expression of BDNF.
S i m i l a r t o t h e B D N F e x p r e s s i o n a s s a y , immunohistochemistry analysis revealed that the NGF relative levels within the cortex and CA2 regions (Figure 14) were distinctly reduced by a 30-day CUMS induction but were significantly increased by GXDSF administration (Figure 14) . As shown in Figure 13C ,D, the relative intensity of NGF expression in the cortex and CA2 regions in the model group was significantly decreased (Figure 13C , CA2, P<0.01; Figure 13D , cortex, P<0.01). In contrast, the L, M, and H doses of GXDSF treatment strikingly increased the relative levels of NGF expression in a dose-dependent manner ( Figure 13C , CA2, P<0.01; Figure 13D , cortex, P<0.01) compared with the model group. Additionally, 2 mg·kg −1 of fluoxetine treatment had a similar effect of greatly improving the relative levels of NGF expression (Figure 13, P<0.01 ). All of these results suggested that GXDSF exerted neuroprotective and antidepressant-like effects via upregulating the expression of NGF.
Effects of GXDSF on the expression levels of CaMKⅡ and CREB/BDNF
The results from previous studies have shown that the Ca 2+triggered activation of calcium/calmodulin-dependent protein kinases type II (CaMKIIs) are related to stressinduced depressive symptoms (37, (46) (47) (48) . Based on the confirmed effects of GXDSF on hippocampus Ca 2+ release in CUMS-induced rats, the related protein expression levels of CaMKⅡ and its downstream CREB/BDNF signalling pathways in the hippocampus regions were investigated by Western blotting.
As shown in Figure 15A , the protein levels of CaMKII showed no obvious difference with a slight decline ( Figure 15B) , but the phosphorylated CaMKII (p-CaMKII) expression was significantly upregulated in the CUMS model group (Figure 15C, P<0.01) . Conversely, compared with model animals, treatment with GXDSF strikingly reduced the phosphorylation levels of total CaMKII protein in a dosedependent manner (Figure 15C , L, P<0.01; M, P<0.001; H, P<0.0001). Moreover, there were significant differences between the CUMS-induced rats and control rats with regard to the expression of the CaMKIIα and CaMKIIβ Figure 15D) . Compared to the control group, the CUMS group significantly improved the phosphorylation levels of CaMKIIα (p-CaMKIIα, Figure 15E , P<0.01), but the GXDSF treatment clearly downregulated the increased expression level of p-CaMKIIα in the hippocampus (Figure 15E , L, P<0.01; M, P<0.01; H, P<0.01). Similarly, the increased phosphorylation of the CaMKIIβ protein induced by CUMS was strikingly abrogated by treatment with GXDSF in a dose-dependent manner ( Figure 15F , L, P<0.05; M, P<0.01; H, P<0.001), indicating that GXDSF may produce an antidepressant-like effect by suppressing the phosphorylation levels of CaMKII and its subunits.
As shown in Figure 16A , the protein levels of CREB and its phosphorylated level (p-CREB) in rats with CUMS induction were significantly decreased in the model group (Figure 16B, P<0.01; Figure 16C , P<0.01). In contrast, the low, moderate, and high doses of GXDSF treatment dosedependently increased the expression levels of CREB ( Figure  16B , L, P>0.05; M, P<0.0001; H, P<0.01) and significantly increased the phosphorylated level of CREB ( Figure 16C , L, <0.001; M, P<0.0001; H, P<0.0001), indicating that RSAE may regulate the expression levels of CREB/p-CREB to produce an antidepressant effect.
Similarly, the decline in BDNF and synitaxine-1 expression induced by CUMS was strikingly abrogated by treatment with GXDSF ( Figure 16D ,E, L, P<0.001; M, P<0.01; H, P<0.01). Moreover, GXDSF treatment could obviously improve synitaxine-1 expression in a dose- 
Discussion
Depression is a chronic and recurrent syndrome of mood disorder causing an immense social and economic burden. To date, the pathophysiology of depression is not clearly understood. Chronic stress is a major risk factor for depression. Chronic unpredictable mild stress (CUMS) is acknowledged as a model that mimics the state of stressinduced depression well and has been widely used in preclinical research with perfect aetiological, predictive and face validity (49, 50) . Long-term unpredictable mild stresses lead to a series of depressant-like symptoms and behaviours, such as anxiety, despair, and cognitive impairment (51, 52) .
Current animal studies have shown that the CUMS model is able to evoke depressive behavioural symptoms such as increased immobility and decreased sucrose consumption (50) (51) (52) (53) . In our study, after 30 days of the CUMS-induction procedure, the induced rats displayed a significant decrease in weight (Figure 2) , sucrose consumption (Figure 3) , the number of upright stands and the residence time of the central zone in the OFT (Figure 4) , and a significant increase in immobility time in the FST ( Figure 6 ) and TST Figure 5 ), in accordance with previous reports (3, 19, 32, (42) (43) (44) 49, 54) , while GXDSF administration obviously reversed these alterations in a dose-dependent manner. All of these results proved that GXDSF may ameliorate these depression-like behaviours and exert antidepressant-like effects in CUMS-induced rats, similar to the effect observed with fluoxetine. Previously, GXDSF, a traditional Chinese formula, and its components, such as salvianolic acid B and ginsenoside Rg1, were reported to have cardio-protective effects against MIRI on cardiovascular disease (27) , but these studies rarely involved investigations of neuroprotective effects against depressive disorders (27) (28) (29) (30) (31) .
Our study results found antidepressant-like effects of GXDSF, which could provide novel treatment strategies and clues for depression. Depression is known to be closely associated with a low level of brain monoamines, including 5-HT, DA, and NE, which has been widely recognized and evaluated (21, 55, 56) ; monoamine oxidase (MAO-A/B) is an important enzyme in the metabolism of monoamines, presenting in neurons and astrocytes, that can inactivate monoamine neurotransmitters (57, 58) . Therefore, the serotonergic, noradrenergic and dopaminergic systems play major roles in the effects of antidepressant-like drugs. Recent reports have also shown that, central monoamine neurotransmitters can be improved, particularly 5-HT, DA, and NE, after treatment with antidepressant drugs (49, (54) (55) (56) . In this study, CUMS induced monoamine deficiency through reduced levels of the monoamines 5-HT, DA and NE in the hippocampus (Figure 7 , P<0.001); in contrast, the levels of monoamine neurotransmitters were significantly increased by GXDSF treatment, as well as the positive control fluoxetine (Figure 7 , P<0.05). Moreover, GXDSF significantly inhibited the MAO activity increase, which reduced and suppressed the degradation and inactivation of monoamine neurotransmitters, in the hippocampus in CUMS-induced rats ( Figure 7D, P<0.05) . These data were consistent with previous research (49, (54) (55) (56) and suggested that the antidepressant effect of GXDSF might be partially due to the modulation of three major monoamine neurotransmitters, namely, 5-HT, DA and NE.
It is also widely acknowledged that BDNF and its mediated signalling pathways (its cognate receptor TrkB) participate in many behavioural and molecular mechanisms of antidepressants via alterations of synaptic plasticity, neuronal circuit formation, and neuronal survival (3, (19) (20) (21) (22) . Recently, increasing evidence supports that BDNF expression is associated with the regulation of CREB and its phosphorylation levels (24, (59) (60) (61) (62) , which has been reported to be a key mediator of cell survival and cognitive functions (24, 63) . Our research results showed that CUMS exposure led to a decrease in BDNF in the hippocampus CA1 and CA2 regions (Figures 11,12 , P<0.01) and NGF within the cortex and CA2 regions (Figure 13 , P<0.01), consistent with previous reports (24, (59) (60) (61) (62) . However, GXDSF dose-dependently and strikingly enhanced the relative expression levels of BDNF and NGF (Figure 14) , which was similar to the effect observed with fluoxetine. Moreover, it was demonstrated that the CREB expression and its phosphorylation levels were reduced in the hippocampus of CUMS-induced rats (Figure 16, P<0.01 ), while the chronic administration of GXDSF significantly reversed the decrease in CREB and p-CREB (Figure 16, P<0.01) . These results suggest that the increased levels of BDNF, NGF and CREB may explain the GXDSF-induced behavioural improvement effect in the CUMS model. Thus, this study provides the first in vivo demonstration of a possible mechanism of GXDSF via regulating changes in the CREB-BDNF pathway.
Previous studies demonstrated that the direct phosphorylation of Ser133 in CREB was regulated by multiple upstream pathways and proteins (62, 64, 65) , such as the protein kinase A (PKA) (62,64), ERK1/2 (66, 67) , phosphoinositide 3-kinase/ protein kinase B (PI3K/AKT) (68) , and CaMKII (69,70) signalling pathways. In addition, evidence has accumulated for the involvement of calcium/calmodulin and intracellular Ca 2+ in the pathophysiology of mood disorders (45, 47, 48) , indicating that a supraspinal increase in intracellular calcium contents was involved in the modulation of mood leading to a depressant-like effect in laboratory animals (45) , and blocking Ca 2+ release from intracellular stores provoked a decrease in the immobility time inducing an antidepressantlike effect (45, 47, 48, 71) . Interestingly, GXDSF may dose-dependently decrease Ca 2+ levels and inhibit the Ca 2+ overload caused by CUMS in hippocampus. Taken together, based on the experimental results, we speculate that GXDSF may enhance the antidepressant-like effects by inhibiting Ca 2+ levels and regulating the CaMKII signalling pathway.
It is well known that CaMKII plays a crucial role in the regulation of synaptic plasticity, glutamate receptors, and the phosphorylation of cyclic adenosine phosphate response element-binding protein (CREB), which are relevant to the major depressive disorder (45, (71) (72) (73) . Nonetheless, the pathophysiological processes in which CaMKII and the main subtypes, including CaMKIIα and CaMKIIβ, may be involved in and play a major role are not still clearly known. In this study, we revealed that CUMS caused a widespread upregulation in the phosphorylation levels of total CaMKII, CaMKII α and CaMKII β expression in the rat hippocampus (Figure 15, P<0.01 ), in agreement with previous results (37, 46, 48, 74) ; however, the increased phosphorylation of CaMKII, CaMKII α and CaMKII β protein induced by CUMS was strikingly abrogated by treatment with GXDSF in a dose-dependent manner (Figure 15, P<0.01) , indicating that the neuroprotective effects of GXDSF upon the amelioration of the depression-like behaviours induced by CUMS may be closely associated with protein CaMKII-mediated phosphorylation. Furthermore, the autophosphorylation of the primary antibodies used in our results, including p-CaMKII, p-CaMKIIα, and p-CaMKIIβ, is on threonine 286 which allows the kinase to switch from a calmodulin-dependent to a calmodulin-independent state and is required for various cellular functions, including hippocampal long-term potentiation, special learning, and hippocampus-dependent memory. In addition, CaMKII modified CREB binds to DNA efficiently as a monomer, which had been proved in the previous reports (45, 47, 48, (72) (73) (74) . As summarized above, it was speculated that CREB was phosphorylated at serine 133 via regulation of CaMKII-mediated phosphorylation in the GXDSFtreated CUMS model rats, resulting in improved BDNF, NGF and synitaxine-1 expression, upregulated monoamine neurotransmitters, and ameliorated synaptic plasticity and neuronal circuit formation, which indicates that the CaMKII-CREB-BDNF signalling pathway plays a role in the antidepressant-like effect of GXDSF.
However, several limitations of this study still existed and should be noted. First, given the mixed preparation of natural medicinal plants composing GXDSF, the chemical components of each medical plant in the GXDSF preparation were explored by HPLC analysis, but the active pharmaceutical ingredients of the antidepressant effects have not completely been determined. Second, it is still unclear whether the pharmacokinetic and pharmacological interaction of multi-components in GXDSF might lead to its different effect traits and intensities in the antidepressantlike effects. Third, after GXDSF administration, changes in the regulation of the intracytoplasmic and intranuclear CREB/p-CREB levels were not clearly elaborated under the treatment of the CaMKII inhibitors, and the present study did not detect changes in the regulation of BDNF downstream, such as BDNF-TrkB and PI3K/AKT. Nevertheless, our study initially proved that GXDSF may be a potential candidate for development as an antidepressant for patients suffering from depressive disorders. Recent reports showed a significant sex difference regarding depression, and women reported more depressive symptoms than men (75, 76) . Some meta-analytic summaries and reports also suggested that there was no sex difference, and within-sex variations were discussed as limitations to the emphasis on sex differences (77, 78) . Although men and women share many psychological features, they also differ in important ways that can be understood in terms of evolutionary principles, primarily sexual selection and its extensions, and there are limitations of using animal studies to address human sex/gender neurobehavioural health disparities (78) . Hence, the CUMS-induced male rat model was often used in animal experiments. If necessary, the CUMS-induced female rat model could be used to further explore the effects and mechanisms of GXDSF against depression.
Conclusions
In summary, our research initially proved that GXDSF exerts neuroprotective and antidepressant-like effects in CUMSinduced model rats ( Figure 17) . First, the summarized results demonstrate that GXDSF improved body weight, greatly raised the sucrose preference, significantly increased the total distance, number of upright stands, and central zone residence time in the OPF and reduced the immobility time in the TST and FST in CUMS model rats, indicating that GXDSF may ameliorate these depression-like responses and possess antidepressant-like effects. Second, GXDSF significantly upregulated the relative levels of neurotransmitters in a dose-dependent manner and inhibited the MAO activities in the hippocampal regions in CUMSinduced rats; additionally, GXDSF may dose-dependently decrease Ca 2+ concentrations, inhibit Ca 2+ overload and inhibit the upregulation of MAO activity caused by CUMS in the hippocampal nervous regions. All of these factors Antidepressant-like effects may be tightly associated with the potential mechanisms of antidepressant-like behaviours. Third, the regulated protein analyses revealed that GXDSF downregulated the phosphorylation levels of intracellular CaMKII, including both of its two subunits (CaMKIIα and CaMKIIβ), and reversed the decline in intracellular CREB and p-CREB expression in the hippocampus, resulting in improved nuclear transcription activities of CREB, and thus, evident upregulation of the downstream effector protein expression levels of BDNF, NGF, and synitaxine-1 in the hippocampus of CUMS-induced rats, which contributed to synaptic plasticity, neuronal circuit formation, and neuronal survival against depression-related behaviour changes. In addition, Nissl staining and H&E staining showed that GXDSF reversed the phenomenon that the neurons were diffusely deteriorated and that many Nissl bodies were lost in these neurons.
Hence, this study suggests that systemic administration of GXDSF may possess antidepressant-like effects in this CUMS-induced animal model. This study also provides the first in vivo demonstration for a possible mechanism of GXDSF via regulating changes in the CaMKII-CREB-BDNF signalling pathway. These findings provide a novel potential substrate by which herbal antidepressants may exert therapeutic effects in the treatment of depression. 
